ABSTRACT The lateral imaging characteristic of an acoustic lens is similar to the well-known object-image relationship of an optical lens. In this paper, axial signal analysis is carried on and reconstruction methods for a sample's axial photoacoustic (PA) image are researched based on the acoustic-lens PA imaging system. The integral and envelope methods are both proposed to reconstruct a sample's axial PA image, which has only been achieved approximately by the PA signals' peak values obtained by a peak-holding circuit in previous reports. And the envelope method is proposed for the first time. Hilbert transform was used to obtain the envelope of the sample's PA signals and axial PA images. Simulation results show that the integral method is appropriate for low frequency samples, and that the envelope reconstruction method can provide low frequency information of the PA images of samples. So for a sample, it would be best to combine the two methods together.
I. INTRODUCTION
Deep acoustic penetration depth and high optical contrast for biomedical tissue diagnosis have made photoacoustic imaging (PAI) techniques a subject of recent interest [1] - [6] . When pathological change appears in a biological tissue, the absorption coefficient changes correspondingly. When tissues are illuminated by a short-pulse laser, the pressure transients generated will change with their absorption. Therefore, the PAI technique can be used to acquire data of photoacoustic signals of tissues and organs, and then obtain their structure and functional images [7] . All these developments have inspired the need for investigation of various ultrasound detection methods on the surfaces of tissues, as well as methods to reconstruct the tissues' original absorption distribution.
Several kinds of PAI systems have been constructed [8] , [9] , including phase-controlled focus systems, scanning detection systems, and acoustic-lens PAI systems. In an acoustic-lens PAI systems, phase-matching of photoacoustic (PA) signals can be rapidly and directly achieved by an acoustic lens; however, this is accomplished by a multielement linear transducer array in phase-controlled focus PAI systems [10] , and by back-projection reconstruction algorithms in scanning detection PAI systems. The multielement linear transducer array is complex, the scanning method is time-consuming, and may introduce motion artifacts. A PAI system based on an acoustic lens has the advantages of high sensitivity, greater simplicity, fast calculation, and low cost.
There have been a few reports on the acoustic-lens PAI technique. A research group from the University of Berne obtained PA image directly from a system based on a 4f acoustic lens and an optical dark-field stereo-imaging system [11] . The method can provide the PA image of a sample in real time; however, there are drawbacks including low image contrast and signal-to-noise ratio (SNR).
Our research team used an acoustic lens to image PA signals of a sample recorded by PA detectors. Based on the extended depth of the field of the acoustic lens, PA tomography was realized by the time-resolved technique. In previous studies, the lateral resolution of the PA image was about 4∼5 mm and the axial layer distance that could be distinguished was about 1.5 mm [12] - [14] .
The main drawback of acoustic-lens PAI systems is the superposition of PA signals from different parts of a sample along an acoustic lens' axial direction. According to PA theory, the PA signals of a point absorber are not impulses but time-distribution pulses. When two neighboring layers are placed very close along the axis of an acoustic lens, their PA signals will inevitably meet, partly superpose, and reach the same image plane simultaneously. In this case, PA signals recorded at one moment by detectors placed on the image plane of an acoustic lens will be signals of two layers rather than a specific layer. Thus, we cannot distinguish the PA signals of each layer and get their respective PA images by the time-resolved technique. In previous reports, the axial reconstruction PA images of samples were obtained by PA signals' peak values from a peak-holding circuit in an acoustic-lens PA system; this was only an approximate reconstruction but not an accurate result.
In this study, two methods-an integral method and an extraction envelope method-are deduced and proposed to reduce the superposition problem and obtain the reconstructed PA images. Both the methods can reconstruct the PA image of a sample along the acoustic lens's axial direction. The envelope extraction method, which is first proposed in PA image reconstruction, based on developing an analytical function by HT, can obtain the high frequency information of the axial direction image. The integral method is effective for the low frequency information of the axial continuous sample of the acoustic lens without the time-resolved technique.
II. FUNDAMENTAL THEORY
According to PA effect theory, when an absorbent point sample is irradiated by a pulse laser, PA signals are generated. If the irradiation laser is uniform, the PA pressure h 0 (t) produced by a point source can be expressed as follows [15] :
Where I (t) = dI (t)/dt, r p is the distance between the point source and the field point, and k is a parameter depending on the absorption property of the point source and the parameters of the irradiating light. Equation (1) shows that h 0 (t) is proportional to its optical absorption coefficient and the derivative of the irradiation light intensity with respect to time. When a homogeneous distribution absorber is irradiated by ultra-short laser pulses with a uniform temporal duration, its PA pressure, p( r , t), at position r and time t can be represented by the regional heat absorption function S r , t , as shown in Eq. (2) , and the relationship between the heat source terms S( r , t) and p( r , t) can be obtained and written as Eq. (3) [16] :
where β is the volume thermal expansion coefficient, A( r ) is the absorption coefficient, c is the velocity of the PA signals, I 0 is the illumination intensity, and C p is the specific heat. From the above functions, it can be seen that the absorption coefficient of a homogeneous distribution sample is proportional to the derivative of its PA pressure. Thus, S( r , t) is approximately equal to the integral of p( r , t) times the time t, and the PA image can be reconstructed by its projection.
At the moment of PA signals generation, the source space and signal spaces ( r and r , respectively) are the same, i.e., r − r = 0. Equation (3) can therefore be simplified to obtain as Eq. (4):
This function shows that the sample's absorption coefficient, A( r ), is equal to its optical absorption distribution, S( r , 0), at this moment. Therefore, S( r , 0) can be used to reconstruct the PA image of a sample. When PA signals in different directions away from the source space r are detected, the initial PA signals in this space can be built from them.
In this research, based on the acoustic-lens PAI system, PA signals from different directions are focused on the image plane by phase-focusing functions of the acoustic lens. These signals on the image plane are the same as the initial PA signals; thus, we can obtain the image of the initial PA signals using an acoustic lens. As shown in Fig. 1 , The lateral (perpendicular to the axial direction of a lens) imaging characteristic of an acoustic lens is similar to the well-known object-image relationship of an optical lens, which is one object plane corresponding to one image plane. However, because of the acoustic lens's extended depth of field, PA signals from different object planes within its scope can be focused and imaged on the same image plane along the axial direction in turns. Moreover, since the speed of sound is far less than that of light, PA signals from different object planes of an acoustic lens can be distinguished by time-resolution technology. On this basis, PA images along the axial direction of an acoustic lens can be reconstructed, which is not the case for an optical lens.
It can be seen from Fig. 1 that PA signals of each point absorber are time-distribution pulses and they could partly superpose on the acoustic sensor placed on the image plane. To get the image from the detected PA signals from acoustic sensor, absorption coefficients of each point absorber must be obtained from the PA signals. Fig. 1 are all within the scope of the depth of field. Their PA signals reach the same image plane at different times. The sound velocity is constant in the sound couplant, thus the relative spatial coordinates of A 1 , A, · · · A n on the z-axis (shown in Fig.1 ) correspond to the transmission time, t of their PA signals. Let t be the time at which PA signals are transmitted from A to the image plane, and t 1 , t 2 · · · t n be the times of PA signals' transmission from A to A 1 , A 2 · · · A n , respectively. Assume that the absorption coefficients of
III. METHODS AND SIMULATION

A. METHODS
Suppose that point samples
is the point spread function (PSF) of the acoustic lens at the t-axis (i.e., z-axis), (5):
The above formula accords with the convolution algorithm. Thus, it can also be written as Eq. (6):
Therefore, in an acoustic-lens PAI system, considering absorption distribution A (t) to be the input and PA pressure signals, p (t), to be the output, a relationship with PSF h (t) can be derived that meets the convolution algorithm can be derived. Equation (6) shows that the acoustic lens possesses the features of linearity and time-invariance. In order to reconstruct the PA image of a sample along the axial direction of an acoustic lens, a PA tomography technique was achieved based on the time-resolution technology in our group's previous research work. The axial resolution, AR, of PA tomography based on an acoustic lens is determined by the time pulse, τ , of h (t) and the sound velocity, ν, which can be written as Eq. (7):
When the distance between the two samples of adjacent layers is shorter than AR, their PA signals will overlap with each other on the detectors placed on the image plane. Under this circumstance, one cannot use the time-resolution technology to determine or separate the layers from which the PA signals originated. This is the key issue facing axial PA image reconstruction in an acoustic-lens PAI system.
A de-convolution algorithm can be used to theoretically obtain the optical absorption, A( r ), theoretically from Eq. (6). However, to prevent large error, this needs high measurement precision of the PA signals, and is therefore impractical. From the previous Eqs. (2) and (4), we observe that PA signals on the image plane are proportional to the first derivative of the sample's absorption coefficients.
Thus, to obtain S( r , t), an integral method is proposed for PA pressure p (t) to variable t.
According to the integration characteristics of a Fourier transform, the p (t) spectrum can be written as follows:
Equation (8) shows that when the axial PA image is reconstructed by the integral method, high-frequency components will be weakened. Therefore, the integral method will decrease the resolution of the reconstructed PA image.
Another important and effective approach firstly proposed here is similar to that used in time-domain OCT. Using Eq. (5), A 1 (t 1 ) , A 2 (t 2 ) , · · · , A n (t n ) will be acquired by extracting the envelope of p (t). For narrow-band signals, analytical functions structured by HT can be used to extract their envelope. The bandwidth of the sample's PA signals can be observed from the expression obtained through Eq. (5) as follows:
In Eq. (9), it can be clearly seen that the bandwidth of p (jω) agrees with frequency response, H (jω), which depends on the pass bandwidth of the acoustic detectors. Thus, the PA pressure, p (t), can be approximately treated as a narrow-band signal when the pass band of an acoustic detector is narrow.
Next, the PA signals of an axial distribution sample and its PA image reconstruction along the axial direction will be simulated on the basis of an acoustic-lens PAI system, as described in this section.
B. SIMULATION
To find the reconstruction results of integral method and envelope method, the reconstructed PA images of samples with different interval and different brightness distribution along axial direction are simulated here.
Regardless of the aberration of an acoustic lens, its PSF, h (t), can be obtained by Eq. (10) as follows:
Assume that the irradiating laser, I (t), is Gaussian; then, h(t) can be obtained by taking the derivative of the Gaussian function.
In the figures of this section, the axial direction of an acoustic lens is expressed by the z-axis, and it corresponds to the PA signal transmission time t. Fig. 2(a) shows the simulated PSF h (t) of an acoustic lens with a half-pulse width (FDHM) of 5 pixels.
A simulated axial distribution sample formed by four lines with different distances is shown in Fig. 2(b) , which represents a four-layer sample along the axial direction placed in the x-z-plane. The pixel coordinates of the first three lines are 25, 83, and 155, respectively. The sample's larger absorption coefficients correspond to brighter colors of the lines. PA signals of the sample on the x = 70 line before and after processing, when the distance between the latter two layers of the sample is 5 pixels, (b) PA images reconstructed by integral (left) and envelope signals (right) when the distance between the sample's latter two layers is 5 pixels, and (c) PA signals and reconstructed PA images when the distance between the sample's latter two layers is 4 pixels, which is less than the FDHM of h t .
Thus, the distances among the first three layers are far greater than the FDHM of h (t).
When the pixel coordinate of the last layer is 161, the distance between the last two layers is 5 pixels, which is just the FDHM of h (t). According to Eq. (6), the sample's PA signals can be simulated. Their PA, integral, and envelope signals under HT are shown in Fig.3 (a) and indicated by solid, dashed, and dotted lines, respectively. Both the PA signals and the integrals of the latter two layers have overlapping phenomena, and are indistinguishable from each other. However, the peaks of the two layers are clearly separated in the curve of the envelope signals. It can be clearly seen in Fig.3 (b) that the resolution of the reconstructed PA image from the envelope signals extracted by HT is higher than that of the integral PA signals.
When the distance between the last two layers is 4 pixels, which is less than the FDHM of h (t) in Fig. 2(a) , the corresponding PA, integral, and envelope signals are shown in Fig. 3 (c) . It can be clearly seen that the latter two layers cannot be distinguished from the three signals under such conditions. The sample shown in Fig. 5 (a) represents a rectangular absorber that has a continuous distribution along the axial direction of the acoustic lens. Fig.5 (b) shows the PA signals VOLUME 5, 2017 It can be seen from Fig. 5 that PA images can be obtained from the low-frequency information of a sample t using integral signals. However, the envelope extraction method only presents the edge of a sample along the axial direction of an acoustic lens
IV. CONCLUSION
On the basis of the acoustic lens's extended depth of field, axial signal analysis of photoacoustic signals are carried on, and then the relationship between the absorption coefficients of a sample placed on the object plane and its PA pressure signals focused on the image plane was successfully derived in this paper.
Together, the above simulation results suggest that the integral and envelope extraction methods can both achieve reconstruction of the PA images along the axial direction of an acoustic lens without a tomography technique. Theoretically, they are more accurate than the reconstruction method based directly on the peak-values of the PA signals obtained by peak-holding circuitry in previous reports. The integral method is appropriate for a low-frequency sample; however, the envelope extraction method by HT can provide a higher resolution for high frequency information. So for a sample, it would be best to combine the two methods together.
The resolution of the reconstructed PA image is determined by the FDHM of h (t). Suitable reconstruction methods should be chosen or combined to obtain more information about the reconstructed images.
For a complex sample, PA signals could be in a widefrequency band; therefore, the envelope of PA signals cannot be effectively extracted by HT. In this case, empirical mode decomposition can be used to decompose PA signals into several intrinsic mode functions (IMFs). Each IMF can be seen as a narrow-frequency signal, and their envelope can be obtained by HT. The sum of all IMF envelope signals can be seen as the envelope of the wide-band frequency PA signals. This is the direction of our future research.
The success of the axial direction image reconstruction means a lot to acoustic lens PA imaging technique. It is the basic of the true 3-D imaging for absorptive biological tissues by an acoustic lens PA imaging PA system and will make the system play more important role in biomedical engineering. For it can be used to image for various tumors which are often black than the human tissues.
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